Phenobarbital induction of transcription of CYP2B genes is mediated by an enhancer, termed a phenobarbital responsive unit (PBRU),~2000 bp 5′ of the transcription start site. To further delineate the mechanism of phenobarbital induction, protein binding in native chromatin and the nucleosomal structure of the PBRU and proximal promoter were examined in liver and kidney, in which the CYP2B1/2 genes are expressed and not expressed, respectively. Protein binding to the PBRU in kidney chromatin was not detected even though in vitro DNase I footprints were not detectably different with nuclear extracts from liver and kidney. Likewise, protein binding to regulatory motifs was not detected in the proximal promoter region in kidney chromatin. In liver chromatin, however, DNase I hypersensitivity and partial protection of the regulatory motifs from DNase I digestion or reaction with dimethyl sulfate was observed and phenobarbital treatment increased the hypersensitivity but only modestly affected protection. Low resolution Southern analysis of micrococcal nuclease-digested chromatin from untreated rats revealed micrococcal nuclease hypersensitive regions in the proximal promoter and PBRU regions in liver, but not in kidney. Phenobarbital treatment increased hypersensitivity in liver in both regions. Micrococcal nuclease hypersensitivity in the PBRU was largely restricted to a linker region between phased nucleosomes while in the proximal promoter hypersensitivity extended over~200 bp suggesting disruption of a nucleosome in this region. These data indicate that in liver phenobarbital treatment substantially alters protein binding to regulatory motifs in the PBRU, while not greatly affecting such binding in the proximal promoter, and substantially alters chromatin structure in both regions, presumably as a result of chromatin modifying factors recruited to the PBRU. In the kidney, chromatin is probably in a closed conformation that prevents binding of regulatory factors.
INTRODUCTION
Cytochromes P450 (P450s) are a superfamily of heme proteins that metabolize many foreign and endogenous compounds (1, 2) . The activities of subsets P450s are induced by a variety of agents, primarily at the level of gene transcription (3) . Phenobarbital (PB) is a prototypic inducer of P450s in the CYP2B, CYP2C and CYP3A subfamilies, of which the CYP2B genes are most highly induced (4) . In the rat, CYP2B1/2 encode closely related proteins that have only 14 differences in the 490 amino acids in their sequence (5) . These genes are expressed at high levels in liver only after treatment with phenobarbital-like inducers and neither gene is expressed in most other tissues including the kidney (6) .
The regulation of basal and PB-induced CYP2B1/2 gene expression is not well understood, but a PB-responsive unit (PBRU) has been identified at about -2.2 kb in rat CYP2B1/2 (7, 8) , and an analogous region is present in mouse Cyp2b10 (9) . The PB responsive region is centered on a nuclear factor-1 (NF-1) site, and two nuclear receptor-like motifs, designated NR-1 and NR-2, flank the NF-1 site (9) (10) (11) (12) . Additional flanking sites, a glucocorticoid responsive element (GRE)-like motif and a motif termed an accessory factor site, may contribute to transcriptional activation (10) . Although protein binding studies in vitro by gel shift assays or DNase I footprinting revealed little or no changes in protein binding to this region after PB treatment (7, 9, 11, 13) , DNase I footprinting studies demonstrated that PB treatment altered nuclear protein binding to the PBRU region of the CYP2B1/2 in native liver chromatin by increasing the binding to a core region centered on the NF-1 site and extending the protection in both the 5′ and 3′ directions (13) . In addition, binding of a heterodimer of retinoid X receptor (RXR) and constitutive androstane receptor (CAR) to the NR-1 site was observed only with nuclear extracts from PB-treated animals (14) .
Several potential regulatory sites in the proximal promoter have been identified by protein binding assays and functional analysis in vitro. Functional analyses in cultured cells or by direct injection in liver in situ identified a CAAT/enhancer binding protein (C/EBP) site and a basal transcription element (BTE) motif that contribute to basal transcription of the CYP2B2 gene (8, 15, 16 ). An NF-1 site at about -128 was detected by DNase I footprinting and additional sites were present to the 5′ side of -160 (15) (16) (17) (18) . Analysis within 6 h of PB treatment, by which time transcriptional activation is maximal (19) , did not result in changes in the binding in vitro (15, 16, 18) . The binding of proteins to the proximal promoter has not been analyzed in native chromatin so that it is not known whether chromatin structure might contribute to changes in binding in response to PB as was observed in the PBRU region. The proximal promoter region of CYP2B1/2, as well as a region mapping near the PBRU, are hypersensitive to DNase I digestion of nuclei in untreated animals and PB treatment alters the level of sensitivity (15) . These results suggest that changes in the chromatin structure occur in these two regions in response to PB treatment.
To better understand the mechanism by which PB treatment induces CYP2B1/2 genes, the nucleosomal structure and protein binding in native chromatin have been analyzed in the promoter and the PBRU regions. Transcriptionally silent genes in liver of untreated rats and kidney of untreated or PB-treated rats, and the activated gene in liver of PB-treated rats have been examined. Our data indicate that the basis for the inhibition of transcription in the liver and kidney is fundamentally different and PB treatment primarily alters binding of regulatory proteins to the PBRU with modest effects on the proximal promoter in the liver, but alters chromatin structure in both regions.
MATERIALS AND METHODS

Reverse transcriptase-mediated polymerase chain reaction (RT-PCR)
Rats were injected i.p. with either 100 mg/kg PB or isotonic saline and were sacrificed 6 h later. Total RNA was isolated from the liver or kidney tissues using RNeasy spin columns (Qiagen Corp.) according to the manufacturer's directions. Reverse transcriptase-mediated cDNA synthesis followed by amplification by PCR was carried out as described (20) using primers based on the sequence of the CYP2B1/2 gene (18, 21, 22) . As an internal control, primers for rat β-actin were included in the PCR reaction.
Nuclei isolation and DNase I, dimethyl sulfate (DMS) and micrococcal nuclease treatment
Rats were injected i.p. with either 100 mg/kg PB or isotonic saline and were sacrificed 6 h later. The methods for in vitro DNase I footprinting have been described previously (13) . For chromatin studies, nuclei were isolated from 2.5 g of rat liver and kidney as described (13) , adjusted to 1 mg/ml DNA concentration based on A 260 , and incubated with 90-120 µg/ml DNase I for 10 min on ice, 2.5-25 U/ml of micrococcal nuclease for 5 min at 37°C, or 0.03-0.10% of DMS at room temperature for 3 min. The reaction was stopped by addition 3.33 vol of 20 mM Tris-HCl, pH 8.0, 20 mM NaCl, 20 mM EDTA, 1% SDS, 600 µg/ml proteinase K. After incubation at 37°C for 3 h, the sample was then extracted twice with phenol and phenol:chloroform (1:1), and the genomic DNA was precipitated with ethanol. For the DMS-treated samples, the precipitated DNA was dissolved in 10% piperidine and incubated for 30 min at 90°C. The sample was frozen in dry ice and piperidine was removed by repeated freeze-drying. The DNA was further purified by treatment with 2.8 mg/ml pancreatic RNase for 1 h at 37°C, followed by extraction twice with phenol:chloroform (1:1). For control digestions of purified DNA, 100 µg of genomic DNA in 100-200 µl was digested in a volume of 100-200 µl with 1-5 × 10 -5 U/µg DNA of DNase I at 37°C for 5 min, with 0.0025-0.01 U/µg DNA of micrococcal nuclease (MNase) at 37°C for 5 min, or with 0.03-0.06% DMS at room temperature for 2 min. The DNA was purified as described for the nuclear digestion samples. Five pairs of untreated and PB-treated animals were examined independently for in vivo footprinting and genomic Southern analyses.
Indirect end-labeling genomic Southern analysis
Low resolution analysis of nucleosomal structure in chromatin was performed by indirect end-labeling genomic Southern analysis as described (23, 24) . Isolated nuclei from liver and kidney were digested with MNase concentrations from 2.5 to 25 U/ml and samples in which nucleosomal ladders extended up to five to eight nucleosomes were chosen for further analysis. Genomic DNA was digested with the restriction enzymes BamHI or HindIII for the proximal promoter or PBRU regions, respectively, and transferred to Nylon membranes and hybridized to probes as described (23, 24) . For probes, either a BamHI/PstI or a HindIII/HincII DNA fragment from the 5′ flanking region of CYP2B1/2 was labeled with [α-32 P]dATP by the random hexamer priming method according to the manufacturer's directions (Stratagene).
Ligation-mediated PCR (LMPCR) analysis for in vivo
footprinting and high resolution mapping of nucleosomal structure Analysis of genomic DNA by LMPCR was carried out as described (13, 25) . Primer sets and conditions for LMPCR of the CYP2B1/2 PBRU region were the same as described previously (13) . To analyze the promoter region, nested sets of primers were used. For the sense-strand analysis primer 1 corresponded to CYP2B1 nucleotides +109 to +89, primer 2 to nucleotides +93 to +67, and primer 3 to nucleotides +60 to +29. For the antisense strand, primer 1 corresponded to nucleotides -230 to -209, primer 2 to nucleotides -214 to -189, and primer 3 to nucleotides -194 to -162. Annealing temperatures were 42°C for primer 1, 60°C for primer 2 and 65°C for the primer 3. After LMPCR, the PCR products were precipitated and separated by electrophoresis in an 8% polyacrylamide gel containing 7 M urea. The gel was dried and radioactivity was detected by either autoradiography or scanning with a phosphorimager (Molecular Dynamics).
RESULTS
Tissue-specific induction of CYP2B1/2 mRNA by PB
To ensure that the rats used in these studies had not been inadvertently exposed to PB-like inducers in the environment, the mRNA concentrations in the liver and kidney were determined by RT-PCR. A DNA fragment of 180 bp, which is the expected PCR product for CYP2B1/2 mRNA, was detected only in the liver of PB-treated rats and the amount of product was proportional to the number of cycles (Fig. 1 ). CYP2B1/2 mRNA was not detectable in the liver in untreated animals nor in the kidney with or without treatment. β-actin mRNA was present at about the same concentration in all samples. Therefore, CYP2B1/2 genes are not detectably active in the liver of untreated animals and in the kidney.
Protein binding and nuclease hypersensitivity patterns in PBRU chromatin are tissue specific
To determine whether protein binding in the transcriptionally silent gene in the kidney is the same as that in the silent gene in untreated liver (13) we have examined protein binding in vitro and in chromatin. In vitro footprints from the liver or kidney were not detectably different ( Fig. 2A , lanes 2 and 4) and binding in the NF-1 regions was effectively competed by the addition of oligonucleotides containing a consensus NF-1 site ( Fig. 2A, lanes 3 and 5) . In contrast to the in vitro footprints, protein binding to chromatin was distinctly different in liver and kidney. As was observed previously (13), a core of protection for DNase I cleavage centered on the NF-1 site was present in liver chromatin from untreated animals (Fig. 2B , lane 2) which was extended in both directions beyond the NR-1 and NR-2 sites which flank the NF-1 site by PB treatment (Fig. 2B, lane 3) . In contrast, there was no apparent protection of this region in the kidney chromatin in which the pattern of cleavage was more similar to that of purified DNA than that of liver chromatin, which indicated that regulatory proteins were not bound in this region in kidney (Fig. 2B , lane 1 versus lanes 4 and 5). Differences between the liver and kidney chromatin were also illustrated by several hypersensitive sites (indicated with asterisks) in the liver compared to kidney or purified DNA (Fig. 2B) .
Protection of chromatin DNA from reaction with DMS was also examined (Fig. 2C) . In contrast to DNase I studies, weak protection in liver and little protection in kidney chromatin was observed in untreated or PB-treated rats. Increased DMS reactivity was observed at single nucleotides between the NR-2 and NF-1 sites and within the NR-1 site in liver after PB treatment which is consistent with changes in protein binding or chromatin structure (Fig. 2C, asterisks) . The decreased protection by DMS in the PBRU region contrasts with protection observed in the proximal promoter region using the same samples of DNA for analysis (see below). Decreased protection against a small molecule like DMS compared to a large protein like DNase I suggests either that the proteins bound to the PBRU region were not tightly associated with the DNA or that non-DNA binding proteins, such as co-activators or co-suppressors, contributed to steric hindrance of DNase I but not of DMS.
The CYP2B1/2 proximal promoter is occupied by proteins in untreated animals
Representative data analyzing protein binding to chromatin in the proximal promoter region are shown in Figure 3 . Within the region studied, in vitro DNase I footprints were observed in previous studies at -45 to -64, a C/EBP site, and at -119 to -138, an NF-1 site, and a BTE site from -67 to -82 was shown to be a positive regulatory element by transient transfection studies, but did not exhibit a footprint (15) (16) (17) (18) . The C/EBP site was partially protected on both strands and PB treatment increased Figure 1 . Expression of CYP2B1/2 mRNA in liver and kidney. RNA was isolated from liver or kidney of rats treated with isotonic saline (C) or 100 mg/kg PB for 6 h. After cDNA synthesis by reverse transcription, the cDNA was amplified by PCR with γ-32 P-labeled primers for CYP2B1/2 or for β-actin and the products were analyzed by electrophoresis in polyacrylamide gels and detected by autoradiography. The PCRs were for 15, 20 or 25 cycles as indicated. The positions of the expected PCR products for CYP2B1/2 and actin are indicated which are based on molecular size markers (M). In vitro DNase I footprinting of the PBRU. DNA fragments containing the PBRU region were incubated with nuclear extracts from liver or kidney, digested with DNase I, and separated by electrophoresis as described (13) . As indicated, 100-fold excesses of oligonucleotides containing binding sites for NF-1 were added to the binding reactions. (B) DNase I footprinting of native chromatin. Liver or kidney nuclei were isolated from either untreated (C) rats or rats treated with 100 mg/kg PB for 6 h (PB) and incubated with DNase I as described in Materials and Methods. DNA was isolated and subjected to LMPCR using primers for the sense strand of the PBRU region. Purified DNA treated with DNase I (Vt) or with DMS, followed by piperidine cleavage (G), was also amplified by LMPCR. (C) DMS footprinting of native chromatin. Sample were prepared as those for DNase I footprints except that nuclei were incubated with DMS, and after purification, the DNA was treated with piperidine. the protection modestly. Protection within the TATA region, primarily in the 3′ portion of the element (Fig. 3B) was observed, most clearly on the sense strand in which this region was best resolved. PB treatment had a modest effect although this effect was more pronounced on the antisense strand in which this region was compressed. A hypersensitive site on the sense strand between the TATA and C/EBP sites at -40 also indicated that proteins bind to one or both these sites and PB treatment increased the cleavage at this site. Weak protection of bands within the BTE site (-67 to -82) was observed on both strands and PB treatment had little effect. Hypersensitivity to the 5′ side of the BTE site was present which was increased substantially by PB. Similarly, weak protection of bands within the NF-1 site (-119 to -138) was observed and hypersensitive sites were present in its 5′ region. Overall, compared to the PBRU region, protection of regulatory sites in the proximal promoter was weaker, except for the C/EBP site, and PB treatment had modest effects on the protection. Hypersensitive sites, also indicative of protein binding, were present and hypersensitivity was increased substantially for some of these sites.
Strand specificity in sensitivity to DNase I treatment was observed first with hypersensitivity from -85 and -100 on the antisense strand over a larger region than on the sense strand and secondly with a larger difference in the sensitivity between control and PB-treated samples in the TATA region on the antisense strand compared to the sense strand. Strand-specific cleavages in chromatin have been observed previously. For example, the first 50 nt from the 5′ end of DNA in nucleosomes are more sensitive to DNase I than the 50 nt at the 3′ end resulting in strand-specific cleavage at either end of the DNA wrapped around the nucleosome (26) . The reasons for the strand-specific cleavage are not entirely clear, but Tanaka et al. (26) suggested several possibilities: DNA conformation or bending mediated by nucleosome binding; steric occlusion by bound proteins which directs DNase I binding in only one direction; or protein binding that is strand-specific and affects DNase I cleavage of one strand but not the other. Similarly, it is not clear which of these explanations applies to the strandspecific sensitivities observed in the CYP2B1/2 proximal promoter. Common to the explanations, however, is protein binding which underlies protection or conformational change of the DNA and, thus, strand-specific cleavage provides additional evidence for binding of proteins to the proximal promoter region in the liver.
Protein binding and nuclease hypersensitivity patterns in the proximal promoter are tissue specific
The pattern of protection in the proximal promoter region from DNase I in kidney chromatin was distinctly different from that in liver, with lack of protection in the C/EBP region and the absence of hypersensitive sites 5′ of the NF1 site and between C/EBP and TATA motifs in kidney chromatin (Fig. 4A) . The kidney chromatin pattern differed from purified DNA controls (Vt) primarily in having sites more sensitive to cleavage with a spacing of~10 bp throughout most of the proximal promoter region (Fig. 4A, lanes 5-7) , which may reflect a nucleosomal structure (27) . Similarly, the pattern of kidney chromatin cleavage after DMS treatment was nearly the same as that observed with purified DNA regardless of PB treatment (Fig. 4B, lanes 4, 5 and 6 ). Reactivity of guanines with DMS in liver compared to kidney chromatin was decreased in a broad region that included the TATA, C/EBP and BTE regions. The TATA motif, -28 GCATAAAAG -21, is flanked by guanines and in the liver G(-21) is protected from cleavage as are guanines at +4 and +7 (Fig. 4B, lanes 2 and 3) . In contrast, A(-23), becomes atypically sensitive to modification and cleavage in both the liver and kidney which, therefore, may be related to chromatin structure. PB treatment, as in the DNase I footprints, only modestly increased the protection from methylation by DMS in the proximal promoter region.
Nucleosomal structure of the CYP2B1/2 PBRU region
Proteins binding to DNA may alter nucleosomal structure which provides an architectural framework for eukaryotic transcription and contributes one level of regulation of gene expression (27, 28) . To characterize the nucleosomal structure of the CYP2B1/2 PBRU region, sensitivity to digestion with MNase, which cleaves DNA preferentially at linker regions between nucleosomal cores (29) , was analyzed. Electrophoretic analysis of the partial digestion products of increasing amounts of MNase revealed the expected nucleosomal repeat of~170 bp in bulk genomic DNA (Fig. 5A) . The positions of cleavage in the PBRU region were mapped by indirect endlabeling genomic Southern analysis from a HindIII sitẽ 750 bp from the PBRU (Fig. 5C ). In the kidney sample, a ladder of bands increasing in size by~200 bp was observed up to about six nucleosomes (Fig. 5B) , with some cleavages between the linker regions suggesting some heterogeneity in the nucleosomal phasing. In the liver, a similar ladder was observed, but the third linker was hypersensitive to MNase and PB treatment increased the sensitivity. The third linker region from the HindIII site maps to the 3′ side of the PBRU region. The nucleosomal phasing in the PBRU region, however, appears to be largely intact since the hypersensitivity was mainly restricted to the linker region and faint bands above the hypersensitive band corresponded to the nucleosomal ladder. These results suggest that the gross nucleosomal structure in the PBRU region was retained but that the structure of the nucleosome core, or the linker region, was perturbed so that the linker was much more accessible to MNase.
Nucleosomal structure of the CYP2B1/2 proximal promoter region
The nucleosomal structure of the proximal promoter region of CYP2B1/2 was also examined by MNase digestion of isolated nuclei followed by indirect end-labeling genomic Southern analysis. The expected nucleosomal ladder was observed in bulk DNA with similar digestion patterns for both the liver and kidney samples (Fig. 6A) . The proximal promoter region was analyzed by indirect end-labeling Southern analysis from a BamHI site 791 bp to the 5′ of the RNA initiation site. In contrast to the PBRU region, nucleosomal structure was less well defined in the proximal promoter region. In the kidney, some selective cleavage at intervals of~170 bp (L1-L3, Fig. 6B ) could be discerned, but there was considerable cleavage between the expected linkers. In the liver, selective cleavage at similar intervals also could be discerned (L1-L4) but the periodicity was not as regular or pronounced as in the PBRU region. The most remarkable result was the increased sensitivity to MNase in the region 5′ of the TATA site in the untreated liver compared to kidney and the increase in sensitivity in the liver after PB treatment. This increased sensitivity was also observed in the region -1 to -180 by high resolution LMPCR analysis of the proximal promoter region (data not shown). The increased sensitivity indicates that the nucleosomal structure in this region is disturbed in the liver and PB treatment enhances the disruption. Increased binding of an RXR/CAR heterodimer to the NR-1 site in the human and mouse genes and to the NR-2 site in the human gene after PB treatment have been demonstrated (14) and expression of CAR activates cotransfected CYP2B6 and Cyp2b10 promoter-reporter genes as well as the endogenous CYP2B6 in human HepG2 cells (30) . Treatment with PB causes a redistribution of CAR from the cytoplasm to nucleus in hepatic cells (31) . Other sites may bind accessory factors which contribute to maximum transcriptional response (9) (10) (11) 32 ), but are not directly PB-responsive, including an NF-1 site between the NR1 and NR2 sites and possibly an unknown factor that binds to the 3′ side of the NR2 site. Regulatory sites within the proximal promoter also appear to play only an accessory role in contributing to the maximum PB response (8, 10) . This work leads to a model in which PB treatment results in translocation of CAR to the nucleus, binding of CAR/RXR to the NR1 and NR2 sites, and recruitment or activation of accessory regulatory proteins bound to the PBRU and proximal promoter which leads to initiation of transcription. In vitro studies do not always accurately reflect the expression of genes in vivo, but our studies, presented previously (13) and in this study on native chromatin, provide important supporting evidence for this model. In the untreated liver, a core of protection from DNase I treatment in the NF-1 region is observed and after treatment with PB, this protected region expands to the flanking regions as would be expected if CAR/RXR, and their presumed co-regulators, bind to the NR-1 and NR-2 sites. Binding of proteins to the proximal promoter region chromatin, in contrast, is not greatly affected by PB which is consistent with a role for regulatory proteins in this region as accessory factors not directly affected by PB treatment. The presence of proteins binding to the PBRU and proximal promoter region in the untreated animals further suggests that the effect of CAR/RXR binding is to activate the pre-bound factors by alterations in chromatin structure or some other mechanism.
DISCUSSION
PB treatment has substantial effects on the nucleosomal and chromatin structure of CYP2B1/2. Low resolution mapping of DNase I sensitivity indicated hypersensitivity in the PBRU region in both untreated and PB-treated animals (15) . This result is consistent with the observation that proteins are bound to the PBRU chromatin even in untreated animals. Low resolution mapping with MNase has revealed a hypersensitive region corresponding to that of DNase I in the PBRU region (15) . In the PBRU, nucleosomes are relatively well phased based on the MNase cleavage pattern and hypersensitivity in a linker region to the 3′ side of the PBRU is increased by PB treatment. This result indicates that chromatin structure, already disturbed in the untreated animal, may be further perturbed by PB treatment which increases access to the linker region without disrupting the basic nucleosomal structure. In the proximal promoter region, an MNase hypersensitive region is observed at approximately the same position as that observed for DNase I (15) . Nucleosomes in the proximal promoter region appear to be less well phased than in the PBRU based on MNase digestion, but again hypersensitivity present in the untreated animal is substantially increased after PB treatment and extends over 200 bp. This indicates that the nucleosomal structure is perturbed in the untreated animal and is further disrupted after phenobarbital treatment. Nucleosomal disruption is consistent with DNase I hypersensitivity in the proximal promoter region which is increased after PB treatment in contrast to the PBRU region (15) . These results suggest that binding of CAR/RXR to the PBRU is accompanied by a loosening of the chromatin structure in the PBRU and that chromatin changes are induced in the proximal promoter region which further disrupt nucleosomal structure. Such changes are likely mediated by co-activators of CAR/RXR with histone modifying activities which affect chromatin structure and activate transcription (33) , such as steroid receptor coactivator-1 which has been shown to interact with CARβ (34) .
CYP2B1/2 are transcriptionally silent in the liver in untreated animals and in the kidney even after PB treatment, but the mechanism for the suppression is distinctly different. In the untreated liver, chromatin structure in the PBRU and proximal promoter is perturbed based on sensitivity to DNase I and MNase, and proteins are bound to regulatory motifs. The suppression of CYP2B1/2 in the liver must either be due to binding of proteins with negative transcriptional activity to DNA or, more likely, to the presence of co-repressors, or lack of co-activators, so that the chromatin is maintained in an inactive state for transcription. In contrast, protein binding to the regulatory motifs in the PBRU and proximal promoter was not detected in kidney chromatin, even though binding of proteins in vitro was not detectably different in liver and kidney. Hypersensitivity to DNase I and MNase was also not observed in kidney chromatin. Suppression of CYP2B1/2 transcription in the kidney, therefore, probably results from a closed inactive chromatin structure. During or after differentiation of hepatic tissue, hepatic-specific factors presumably alter the chromatin conformation in liver to an open, potentially inducible form. The basis of the altered chromatin structure is not known but there are several possible mechanisms. Hepatic-specific proteins might bind to motifs in the proximal promoter region and disrupt nucleosomal binding, or proteins which bind to the PBRU or proximal promoter might alter nucleosomal structure by catalyzing acetylation or phosphorylation of histones in the nucleosome or methylation of DNA (33, 35, 36) . Alternatively, induction may require hepatic-specific factors and the perturbed chromatin structure observed may reflect a 'memory' effect that is retained after an earlier induction episode. Such memory has been shown by altered kinetics of secondary induction compared to primary induction of the vitellogenin gene by estrogen (37) and the altered chromatin conformation may be analogous to altered forms of nucleosomes that persist after remodeling in vitro (38, 39) .
